Agricultural conversion of tropical forests is a major driver of biodiversity loss. Slowing rates 2 of deforestation is a conservation priority, but it is also useful to consider how species 3 diversity is retained across the agricultural matrix. Here we assess how bird diversity varies 4 in relation to land use in the Taita Hills, Kenya. We used point counts to survey birds along a 5 land-use gradient that included primary forest, secondary vegetation, agroforest, timber 6 plantation and cropland. We found that the agricultural matrix supports an abundant and 7 diverse bird community with high levels of species turnover, but that forest specialists are 8 confined predominantly to primary forest, with the matrix dominated by forest visitors.
Introduction 18
Tropical montane landscapes are undergoing major changes in response to a growing human it is important to consider how bird diversity is maintained across the wider agricultural 1 landscape. 2 Although agroforests often support high species richness, their communities tend to 3 have a reduced representation of forest specialists thus lowering their conservation value 4 (Naidoo, 2004; Mulwa et al., 2012; Helbig-Bonitz et al., 2015) . Birds from different feeding 5 guilds can also show contrasting responses to agriculture, and meta-analyses suggest that 6 large insectivorous and frugivorous forest specialists are most likely to be most at risk 7 following agricultural conversion, whist small insectivores, nectarivores and habitat 8 generalists are more tolerant to these changes (Newbold et al., 2012; Sekercioglu, 2012) . 9 Modification of the functional composition of forest bird communities has implications for 10 ecosystem processes such as seed dispersal, pest control and pollination (Bael et al., 2008; 11 Galetti et al., 2013; Maas et al., 2016) , so it is useful to consider how tropical agricultural 12 landscapes influence species traits in addition to species diversity. 13 The Taita Hills in Kenya are the northern-most block of the Eastern Arc Mountains 14 ( Fig. 1) and form a highly diverse part of the Eastern Afromontane Biodiversity Hotspot 15 (Mittermeier et al., 2004) . Historically, the Eastern Arc Mountains have experienced high 16 levels of deforestation (Platts et al., 2011) , losing 70-80% of their original forest cover 17 (Newmark, 2002; Hall et al., 2009 ). In the Taita Hills, less than 2% of the original forest area
We classified land use into five discrete categories: primary forest, secondary 1 vegetation, agroforest, timber plantation and cropland. We define primary forest as 2 uncultivated land dominated by wild tree species (typically we observed Macadamia, Persea, 3 Syzygium and Xymalos spp.), whereas uncultivated land with visible disturbance to forest and 4 lower tree cover is classified as secondary vegetation. Agroforests include homegardens and 5 small plots that contain cultivated plants grown amongst trees (100-200 trees per hectare). 6 Typically we observed banana, maize or potatoes, with dominant tree genera including Ficus, 7 Eucalyptus, Kigelia, Prunus and Xymalos. Timber plantations are areas cultivated specifically 8 for timber and are dominated by Cypress, Pinus or Eucalyptus. Croplands are areas cultivated 9 for the production of annual crops such as maize, cassava and sugar cane and typically have 10 much lower levels of tree coverage than agroforests (<40 trees/hectare).
11
Survey methods 12 We surveyed birds using 10 minute fixed-radius point counts following the methodology 13 described in Bibby et al. (2000) . All visually or audibly detectable birds occurring within an 14 approximately 50 m radius to the observer were counted. We conducted counts only if 15 conditions were suitable (no heavy rain or fog) and only between 0600 h and 1100 h.
16
In 2014, we conducted point counts at 67 plots picked semi-randomly across the land-17 use gradient in order to cover the full range of land-use practices present ( Fig. 1 ). Plots 18 encompassed natural forest (N=15), agroforest (N=18), timber plantation (N=8), secondary 19 vegetation (N=17) and cropland (N=9). We sampled each of these plots twice, between 20 March and April 2014. We resampled 20 of these plots in December 2014 and April 2015 21 ( Fig. 1) : within each plot, five point counts were conducted at 100 m intervals, using a 22 random start point. In this second sampling round, plots included natural forest (N=4), 23 agroforest (N=11), secondary vegetation (N=4) and cropland (N=1).
Nomenclature followed the 4th edition of the Checklist of the Birds of Kenya, which 1 is the latest version revised by the Bird Committee of East African Natural History of Society 2 and Stevenson et al. (2004) . We excluded from further analyses those bird species that could 3 not be determined to species level (N=6). All bird species were classified by their level of 4 forest dependence and feeding guild. We determined forest dependency using the established 5 classification of East African forest birds (Bennun et al., 1996) , which categorises species as 6 forest specialists (FF), forest generalists (F) or forest visitors (f). We assigned feeding guilds 7 based on primary diet, grouping species as insectivores, granivores, frugivores, nectarivores, 8 piscivores, raptors or scavengers, as described by Şekercioğlu et al. (2004) .
9
Environmental variables 10 We conducted tree surveys in the subset of 20 plots shown in Fig. 1 . We identified to species 11 level all woody stems with a diameter at breast height (dbh) ≥ 10 cm. Where necessary, we 12 collected voucher specimens for later identification at the East African Herbarium (National 13 Museums of Kenya). Using these data, we calculated stem density and tree species richness 14 per 1 ha plot.
15
In order to consider the effect of isolation from natural forest, we calculated the 16 Euclidean distance from each sampling point to the nearest patch of primary forest using land 17 cover data that was created using supervised classification of SPOT satellite imagery for the 18 year 2011 (Heikinheimo, 2015) .
19

Statistical analyses 20
Statistical analyses were conducted in R version 3.2 (R Core Team, 2015) using the vegan 21 package (Oksanen et al., 2012) . Utilisation of the point-count method precluded the 22 calculation of detection probabilities, so we performed statistical analyses using raw 23 abundance data. We estimated species richness per land-use type using Chao's species 1 richness estimator, first using the full data set, and second by subsampling 15 points counts 2 from the total pool available within each land-use category (to account for differences in 3 sampling effort), and recording the mean richness estimators across these points. We used 4 Sørensen's similarity index to compare the pairwise similarity of all species that occurred in 5 each land-use type. 6 We calculated alpha diversity for each point count using Hill's numbers (Hill, 1973) . Hill's numbers are defined to the order of q ( q D), whereby parameter q indicates the weight 8 given towards rare or common species. 0 D (species richness) is insensitive to relative 9 frequencies, and is therefore weighted towards rare species, 1 D (exponential of Shannon) is 10 weighted towards common species, and 2 D (inverse Simpson) is weighted towards abundant 11 species. These diversity indices are particularly useful because they are scalable and can 12 provide insight into the representation of rare, common and abundant species within different 13 land-use types (Jost, 2006; Tuomisto, 2010; Chao et al., 2012) . We calculated beta diversity 14 for each land-use type, determined as the multiple-community dissimilarity between points.
15
Dissimilarity was also weighted by the aforementioned q, with q=0 calculated as the 16 Sørensen dissimilarity index (insensitive to species abundance), q=1 as the Horn index and 17 q=2 as the Morisita index (Chao et al., 2012) . This combination of metrics provides insight 18 into not only the proportion of species shared, but the relative abundances of those shared 19 species. We calculated beta diversity indices using the SpadeR package (Chao et al., 2015) . 20 We used linear mixed effect models to test for the impact of land use on bird 21 abundance and all three measures of Hill's diversity using the lme4 package (Bates, 2005) .
22
We log-transformed response variables to normalise the data and improve model fit. We 23 included land use as a fixed effect, and observer as a random intercept to account for the account for any potential observer bias. We also included plot nested within elevational zone 1 as a random effect, to account for spatial autocorrelation along the altitudinal gradient. We 2 assessed the strength of the fixed effect (land use) using marginal R 2 values calculated using 3 the MuMIn package (Barton, 2014), and significance by comparing the fit of models (with 4 and without land use) using Chi-squared tests (Zuur et al., 2009) . Equivalent models were 5 also run for bird abundance within the forest dependency and feeding guild categories. 6 Details of model fit are included in Table S1 . 7 In order to assess how community composition was affected by land use, we performed non-8 metric multidimensional scaling (NDMS) with the Bray-Curtis dissimilarity function. This 9 unconstrained ordination technique was used to collapse the species data into two dimensions 10 so that differences between land-use categories could be detected. Because it relies upon 
Results
18
The impact of land use on bird abundance and diversity 19 A total of 5351 birds were recorded across the land-use gradient, representing 202 species 20 from 57 families (see Table S2 for full species list). Of these species, 44 (22%) were unique 21 to agroforest, nine to primary forest (5%), 17 to secondary vegetation (8%) and five to agroforests, which supported higher levels of estimated species richness than the other land-1 use categories, even when the estimations were controlled for the varying sample sizes ( Fig.   2 2). Secondary vegetation supported the second highest number of species, followed by 3 cropland, primary forest and plantation. Pairwise Sørensen's similarity estimates showed that 4 species overlap was highest between primary forest, secondary vegetation and agroforest, 5 with approximately two thirds of species shared (Table 1 ). Cropland shared more species 6 with agroforest and secondary vegetation than with primary forest or plantation. Plantations 7 showed overall low levels of species similarity with all other land-use types. this effect decreased with the order of q, and was only significant at levels q=0 and q=1 ( 0 D: 16 χ 2 =9.50, df=4, P=0.049; 1 D: χ 2 =11.09, df=4, P=0.026; 2 D: χ 2 =8.62, df=4, P=0.071), 17 suggesting that the effective numbers of rare and common species were more strongly 18 affected by land use than were abundant species.
19
Partitioning beta diversity between plots showed that spatial turnover differed 20 amongst the land-use categories (Fig. 3B ). Species turnover was extremely low between 21 primary forest plots with low dissimilarity at all levels of q, which suggests high spatial 22
homogeneity across our forest plots. Agroforest plots showed relatively low levels of 23 dissimilarity at q=0, but dissimilarity increased sharply at levels q=1 and q=2 suggesting high 24 turnover in the identities of common and abundant species. Levels of turnover were higher still in secondary vegetation and cropland, which also showed a sharp increase in
In total eight feeding guilds were recorded, with all guilds represented in each land- Overall species richness was highest within agroforests and croplands, but at a plot-level 8 alpha diversity was equivalent to that observed in primary forest. This can be attributed to the 9 higher levels of species turnover associated with the agricultural plots as compared to forest plots. However in plantation forests, abundant bird species showed the lowest levels of 19 turnover, indicating that plots tended to be dominated by a few abundant species. Previous 20 studies of frugivorous birds within the Taita Hills noted high turnover in the relative 21 abundance of species between forest fragments, which was attributed to variation in the fruit 22 resources available in fragments (Githiru et al., 2002) . It is likely that the heterogeneity of 23 trees and crops cultivated within agroforests and cropland contributes towards the high 24 turnover of bird species in this landscape. When more complex habitats are converted into simplified plantation forest or monoculture cropland, these beneficial effects to biodiversity 1 appear to be lost. than primary forest (Naidoo, 2004; Waltert et al., 2004) , but a consistent pattern is that the 10 relative abundance of forest specialists tends to decrease when moving from natural forest 11 into agricultural land. We observed a dramatic decline in the abundance of forest specialists 12 in all agricultural land-use types as compared to primary forest, and though agroforests were 13 able to support high numbers of species, the majority of these were forest visitors.
14 In our study the presence of forest specialists was positively associated with the 15 higher tree density and tree species richness found in primary forests, a trend which has also Ordination analysis showed that the number of forest specialist and generalist species 3 declined with increasing distance from primary forest, suggesting that the agricultural matrix 4 alone is unable to support the full range of species present within the Taita Hills. Other 5 studies have also found that landscape configuration influences the composition of tropical 6 bird communities, with increasing distance from primary forest leading to a decrease in forest .
10
The impact of land use on feeding guilds 11 Feeding guild analyses can provide important insight into the ecological functioning 12 of bird communities (Sekercioglu, 2012) , and a pan-tropical meta-analysis has shown that 13 frugivorous and insectivorous birds tend to be the most sensitive to agricultural disturbance in 14 tropical landscapes (Newbold et al., 2012) . In our study feeding guild proved a much poorer 15 indicator of species' responses to land use than forest dependency, with all land-use types 16 supporting equivalent numbers of insectivores, frugivores and granivores. Similarly a recent 17 assessment of trait predictors suggests that feeding guild is a weak predictor of bird responses 18 to land-use change (Gilroy et al., 2015) .
19
Conclusions and implications 20
This study demonstrates the importance of intact forest patches for conserving threatened 21 forest specialists. Though the heterogeneous agricultural matrix makes a strong contribution so cannot act as a substitute for primary forest. Within the agricultural matrix, traditional 1 agroforestry systems support the most diverse and heterogeneous bird communities, whilst in 2 monoculture timber plantations diversity is notably low and communities dominated by a few 3 highly abundant species. The continued protection of remaining primary forest must be a 4 priority in order to conserve threatened forest specialists, but the further expansion of timber 5 plantations within the agricultural matrix could also pose a threat to landscape-level diversity. 
